Abstract. The present study investigated whether the efficacy of radioiodine therapy towards aggressive thyroid cancer cells was affected by β-catenin activity and associated with sodium/iodine symporter (NIS) localization. Human thyroid cancer cell line follicular thyroid carcinoma (FTC) 133 was endowed with aggressiveness by HIF-1α or β-catenin overexpression. The protein amount and subcellular localization of NIS, and the radioiodine uptake capacity were detected in the cells, as well as in cells subsequently undergoing β-catenin knockdown. Xenograft experiments were conducted to compare the tumor growth ability and responsiveness to radioactive treatment among HIF-1α and β-catenin overexpressing FTC cells, respectively with or without β-catenin knockdown. β-catenin increased upon HIF-1α overexpression, but not vice versa. This signal axis would prompt metastatic propensity in FTC cells, and translocate NIS from cytomembrane to cytoplasm. Consistently the radioiodine uptake capacity in the cells decreased obviously. Knockdown of β-catenin reversed all these changes. Furthermore, the xenograft experiments showed that radioiodine treatment could thoroughly suppress tumor growth ability of aggressive FTC cells only if the HIF-1α-induced β-catenin activation was disrupted by β-catenin knockdown. β-catenin nuclear translocation in tumor cells was accompanied by abnormal subcellular localization of NIS. Moreover, we found that only after inhibiting β-catenin expression, can the radioiodine treatment promote apoptosis other than repress proliferation and survival in xenograft tumor cells. In conclusion, aggressive FTC cells overexpressing HIF-1α will be fully cracked down by radioiodine therapy once β-catenin expression is inhibited, and regulated localization of NIS may account for underlying mechanisms.
Introduction
Thyroid cancer is one of the most common types of endocrine malignancy, with a gradual increase in the incidence rate; and it is the fifth leading cause of cancer globally, accounting for 2.1% of all the newly detected cancers (1, 2) . Most of the cases of thyroid cancers show biologically indolent phenotype and have an excellent prognosis with survival rates of more than 95% at 20 years although the recurrence or persistent rate is still high (2) .
As classified by World Health Organization (WHO), most primary thyroid cancers are epithelial tumors that originate from thyroid follicular cells, comprising three main pathological types: papillary thyroid carcinoma (PTC), follicular thyroid carcinoma (FTC) and anaplastic thyroid carcinoma (ATC). While another kind of epithelial tumor, medullary thyroid carcinoma (MTC) arises from thyroid parafollicular cells. PTC and FTC are categorized as differentiated thyroid cancer (DTC), they are well-differentiated and have indolent tumor growth (3) . They account for >90% of thyroid cancers, while MTC only accounts for <5% (4) .
Radioiodine is a safe and effective modality used for more than 60 years in treating thyroid cancers and has potential uses in breast, prostate and other cancers. 131 I is generally used in radiotherapy and for in vivo experiments because its half-life Inhibiting β-catenin expression promotes efficiency of radioiodine treatment in aggressive follicular thyroid cancer cells probably through mediating NIS localization of merely 8 days (5) . Ablative radioiodine therapy exploits the ability of the thyroid to take up iodide, a process mediated by the sodium iodide symporter (NIS), which is an integral membrane glycoprotein located in the basolateral plasma membrane of thyroid follicular epithelial cells (6, 7) . However, thyroid tumors such as FTC have a chance of developing aggressive thyroid carcinomas with metastatic propensity and resistance to radioiodine (5, (8) (9) (10) (11) . As it is more likely to produce distant metastases, FTC may have a poorer prognosis compared with PTC (10) (11) (12) . It is necessary to identify the underlying mechanisms leading to decreased efficiency of radioiodine therapy in those radioiodine-refractory thyroid tumors. As mentioned above, for active iodide uptake to occur, adequate amount of NIS must be located in the cytomembrane of thyroid follicular epithelial cells (13) . Numerous researchers have focused on finding ways to increase NIS expression in thyroid cancers, with expectation of improving the iodide transport ability in tumor cells and elevating the effectiveness of radioiodine therapy (14, 15) . However, according to some other studies, NIS is overexpressed in some cases of thyroid cancers (detected by immunohistochemistry), wherein the impaired function of NIS may be attributed to its abnormal internalization (7, (13) (14) (15) (16) (17) (18) (19) (20) . Thus, it may be the post-translational regulation rather than the decreased expression of NIS that robustly contribute to a reduction in iodide uptake in some thyroid cancers (21, 22) . Therefore, it is of great importance to explore the factors taking part in regulating the NIS subcellular localization, especially in the cases of aggressive thyroid carcinomas resistance to radioiodine therapy.
Catenin beta-1 (β-catenin) is a dual function protein regulating cell-cell adhesion as well as transcription of number of genes, the latter of which is mainly controlled by Wnt signaling molecules (canonical Wnt pathway) (23) . In 2014, SastrePerona and Santisteban (24) revealed the Wnt-independent role of β-catenin in regulating the proliferation and differentiation of rat thyroid follicular cells. They found that direct interaction of β-catenin with Pax8 resulted in increased activity of NIS. According to their conclusion, β-catenin is possibly a positive regulator of NIS and iodide uptake activity in physiological conditions. On the other hand, studies have shown that β-catenin was overexpressed in aggressive thyroid cancers (25) (26) (27) (28) . Whether β-catenin plays a critical role in affecting the expression of NIS within thyroid tumor cells, as well as regulating the abnormal subcellular localization, is worthy of investigation.
Previous studies have discovered that β-catenin can enhance HIF-1 mediated transcription events, thus, promoting cancer cell survival and endowing them with better adaptability to hypoxia (23, 25, 29, 30) . HIF are associated with poor prognosis in many tumor types (31, 32) . Like β-catenin, the overexpression of HIF-1α was also observed in thyroid cancers, and the potential significance of the HIF signaling pathway in progression and aggressiveness of thyroid carcinoma has been demonstrated (33) . Compared with that in normal thyroid tissues, HIF-1α expression was significantly greater in various types of primary thyroid tumors and ATC and FTC showed the highest levels of expression (34) . Moreover, HIF-1α may reduce the effectiveness of cancer treatment as it has been shown that overexpression of HIF-1α in cancer cells plays an important role in the development of resistance to radiotherapy and some forms of chemotherapy (35) .
We presume that HIF-1α may exert its power on desensitisation to radiotherapy in aggressive thyroid carcinomas in β-catenin-dependent manner. This signal pathway may act through changing membrane localization other than transcriptional level of NIS. Therefore, in the present study, we examined the subcellular localization of NIS in relation to β-catenin nuclear translocation, subsequent to the activation of HIF signaling pathway in FTC cells. We also disrupted the β-catenin signal in the regulatory mechanism to see if the efficacy of radioiodine treatment in HIF-1α overexpressing aggressive thyroid cancers is promoted. Our data suggest an entirely novel mechanism that alters NIS subcellular localization, thereby regulating cell ability to aggressively uptake iodide in cancer cells.
Materials and methods
Cell culture. Human thyroid carcinoma cell line FTC133, which was derived from the primary tumor of a 42-year-old male patient with metastatic FTC (36) was kindly provided by Professor Karl-M. Derwahl (Humboldt university, Berlin, germany). The FTC133 cells were cultured in Dulbecco's modified eagle's medium (DMeM; Invitrogen, Carlsbad, CA, uSA) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, uSA) and penicillin/ streptomycin in a humidified incubator (Thermo Scientific Forma 370; Thermo Fisher Scientific, Shanghai, China) at 37˚C and 5% CO 2 .
Plasmids transfection. Recombinant plasmid pcDNA3.1(-)/ HIF-1α was kindly provided by Professor Leland W.K. Chung from the Winship Cancer Center at emory university (Atlanta, gA, uSA). Recombinant plasmids pcDNA3.1(-)/β-catenin and pSuPeR/β-catenin were constructed by Dr yong Luo in our laboratory, the latter of which was used for shRNA mediated knockdown of β-catenin as previously described (37) .
FTC133 cells were transfected with pcDNA3.1 (-)/HIF-1α, pcDNA3.1 (-)/β-catenin by means of Lipofectamine 2000 system (Invitrogen, Carlsbad, CA, uSA). After a 6 h co-incubation, the cells were then cultured for 2 days with DMeM (containing 10% FBS); after that, the cells were passaged (1:3) and then screened with the selective medium (containing 400 µg/ml g418); selective medium was replaced every 5 days. Four weeks later, all the untransfected cells died by apoptosis and transfected cells formed into monoclonal cell clusters; the cells were maintained in the medium containing 200 µg/ml g418. The acquired stably transfected lines were named as FTC133-HIF-1α and FTC133-β-catenin, respectively.
For shRNA-mediated knockdown, FTC133-HIF-1α and FTC133-β-catenin cells were transfected with pSuPeR/ β-catenin by means of Lipofectamine 2000 (Invitrogen). After a 6 h co-incubation, the cells were then cultured for 3 days with DMeM (containing 10% FBS); then the cells were passaged (1:3) and screened with the selective medium (containing 400 µg/ml puromycin) for 4 weeks. All the untransfected cells died by apoptosis and transfected cells formed into monoclonal cell clusters; the silent cells were maintained in the medium containing 200 µg/ml puromycin.
Western blotting. Cell lysate preparation and blotting conditions have been previously described (4) . Antibodies (gibco, Waltham, Ma, uSA) against HIF-1α, β-catenin, NIS and gAPDH (as an internal control) were used for western blot analyses as per instructions of the manufacturers.
Immunofluorescent staining. Cells were fixed in 10% paraformaldehyde for 30 min and blocked with goat serum (gibco) for 30 min, respectively. Cells were then incubated at 37˚C for 1 h with the rabbit anti-human β-catenin primary antibody or the rabbit anti-human NIS antibody (Santa Cruz Biotechnology, Santa Cruz, CA, uSA), at a dilution of 1:100 in 0.5% BSA in phosphate-buffered saline (PBS). After washing 3 times with PBS, cells were co-incubated with the appropriate rhodamine or fluorescein-tagged goat anti-rabbit antibody (Sigma-Aldrich), diluted at 1:50 in 0.5% BSA in PBS at 37˚C for 1 h. After final washes with PBS, the coverslips were mounted on a microscope slide. The fluorescence staining intensity and intracellular localization were then examined by Olympus immunofluorescence microscope (BX43).
Iodide uptake assay.
125 I is generally applied during iodide uptake assay since its half-life is as long as 60 days (5, 10) .
Cells were grown as monolayer on 6-well plates at a concentration of 5x10 4 cells/well. To measure the iodide uptake activity, after 3-4 days of culture, cells were washed with HBSS and incubated in the reaction buffer containing 125 I (3.7 KBq) (yuanzi, China) for 20 min at 37˚C, and cells incubated with the solvent (water-free alcohol) alone was used as control. After incubation, cells were washed with ice-cold HBSS 3 times, and then incubated with 1 ml ice-cold water-free alcohol for 20 min. The radioactivity was measured for the incubation water-free alcohol in a γ-counter (Wizard 2480; Perkin-elmer, Waltham, Ma, uSA), as previously described (38) .
125 i-uptake was expressed as counts per minute.
MTT assay. Cells (1x10 4 ) were seeded into each well of 96-well tissue culture plates. At various time-points (24, 48 and 72 h) of cell culture in DMeM, 50 µl MTT solution (2.5 mg/ml) was added into the plate and incubated with cells for an additional 4 h. The media were collected separately from each chamber, and cell-associated MTT crystals were dissolved separately in dimethyl sulfuroxide (DMSO; 150 µl/well) on a shaker at room temperature. The color intensity was measured at 570 nm against the appropriate blank controls (0.1% BSA/RPMI-1640 medium with MTT solution and 150 µl DMSO) using a Bio-Rad Technologies microplate reader.
Invasion assay. Cells were cultured in 6-well plates to 90% confluency and then collected after trypsinization. An analysis assessing the invasion of cells was performed using 6-well Transwell inserts with 6.5-mm diameters and 8-µM pores (Corning, Corning, Ny, uSA). In brief, the filters were precoated for 30 min at 37˚C with 25 µl extracellular matrix (Sigma-Aldrich) gel mixed with dimethyl sulfoxide (1:1). The trypsinised cells (7x10 4 ) were washed with PBS, resuspended in the serum-free medium, and placed in the upper chamber, and a medium containing 10% FBS was used as a chemoattractant in the lower chamber. Cells were incubated at 37˚C in 5% CO 2 for 24, 48 and 72 h, respectively, and the number of cells that invaded across the membranes were fixed and stained with giemsa. The non-migratory cells on the upper chamber were removed with cotton swabs, and the migratory cells present on the lower surface were counted in 10 random fields and photographed at x100 magnification under an inverted microscope (Olympus).
Xenograft experiments. This part of the study was carried out in strict accordance with the recommendations in the guide for the Care and use of Laboratory Animals in the Weatherall Report. In addition, the protocol was approved by the ethics Committee for Animal experiments of the Beijing university. Surgery was performed under sodium pentobarbital (Merk, Darmstadt, germany) anesthesia, and all efforts were made to ameliorate suffering.
Six-week-old male SCID mice (Charles River Laboratories, Wilmington, Ma, uSA) were injected subcutaneously with 2x10 6 cells in the left forelimb. Animals (8-10 per group) were monitored daily, and tumor volumes were measured by vernier caliper with the formula: V = (LW 2 )/2, where L is the length and W is the width. When xenograft tumor grew to the volume of 50 mm 3 , mice of the experiment groups (see the corresponding figure legends for the specific group settings) were treated with peritoneal injection of 37MBq 131 i, whereas those of control groups were injected with 0.1 ml physical saline. Thirty-five days after the radioiodine treatment, tumors were weighed and fixed overnight at 4˚C in 10% paraformaldehyde and embedded in paraffin for histological analysis.
Immunohistochemical staining. Paraffin-embedded sections of xenograft cancer tissues were used for immunohistochemical staining, using a commercially available kit (Boshide, Wuhan, China). Primary antibodies (Sigma-Aldrich) against β-catenin, NIS, cell cycle protein (Ki-67), anti-apoptosis protein (survivin) and apoptosis protein (caspase-3) were used. The samples were then counter stained with hematoxylin to indicate the nucleus.
The results were observed by three physicians, who were blinded to the grouping. For every index, 3 pictures of cancer tissues from each animal (n=10, per group) were selected for quantification. Five high power fields were selected from each picture to assess the percentage of positively staining cells in all fields of observation.
Statistical analysis. Statistical analyses were performed using the SPSS statistical software 13.0. The data are represented as mean ± standard derivation (SD). Statistical significance was evaluated by one-way analysis of variance (ANOVA) with the Student-Newman-Keuls (SNK) test for post hoc test or Student's t-test. P<0.05 was considered statistically significant.
Results

HIF-1α overexpression endowed FTC cells with aggressiveness in a β-catenin-dependent manner.
As shown clearly by western blotting (Fig. 1A) , HIF-1α overexpression upregulated β-catenin in FTC cells, but not vice versa. Application of β-catenin shRNA can successfully reduce the protein amount of β-catenin.
FTC cells overexpressing either HIF-1α or β-catenin were compared for changes in the content of several markers concerned with epithelial-mesenchymal transitions (eMT) (Fig. 2A) . There is a decrease in the levels of epithelial markers e-cadherin and CK18 but an increase in the levels of vimentin, VegF, fibronectin and MMP-2 in the FTC cells overexpressing either HIF-1α or β-catenin. However, these eMT phenotypes were all restored after knockdown of β-catenin.
We further found that HIF-1α/β-catenin overexpression will favor FTC cells with stronger growth ability as well as metastatic propensity (Fig. 2B and C) . Whereas, once the β-catenin expression was reduced by shRNA knockdown, the changes in the aggressiveness of the thyroid cancer cells were reversed.
β-catenin activation subsequent to HIF-1α overexpression changes NIS subcellular localization and impair cell radioiodine uptake. As evident in western blotting (Fig. 1A) , HIF-1α or β-catenin overexpression results in a mild decrease in the content of NIS. From immunofluorescent staining (Fig. 1B) , we found that additional to the protein amount, HIF-1α overexpression also promoted the nuclear translocation of β-catenin, and relocated NIS from the originally diffuse distribution or location near the cytomembrane into intracellular localization near the nucleus. These changes of protein localization also appear when β-catenin was directly overexpressed, and were reversed by β-catenin knockdown.
Additionally, cell radioiodine uptake assay (Fig. 1C) showed that overexpression of either HIF-1α or β-catenin decreased radioiodine uptake ability of FTC cells ~50 and 37.5%, respectively (P<0.05 or P<0.01, respectively). While after β-catenin knockdown, the impaired iodide uptake capacity was restored (all P<0.05).
β-catenin knockdown can improve the growth inhibitory effect of radioiodine treatment in HIF-1α overexpressing FTC cells.
In the xenograft tumor model, we found that overexpression of HIF-1α and β-catenin could both promote the growth of FTC cells (Fig. 3A) , while 131 I treatment inhibited such tumor growth. Quantification of tumor mass at 35 days after radiotherapy (right in Fig. 3A ) also showed that 131 i treatment could markedly kill the HIF-1α overexpressing cancer cells or inhibit their growth, but further combined with β-catenin knockdown significantly promoted the therapeutic efficacy (P<0.05).
Importantly, immunohistochemical analysis demonstrated that (Figs. 3C and 4) , overexpression of HIF-1α will significantly promote the expression of Ki-67 and survivin in the thyroid cancer cells as well as inhibit the expression of caspase-3. After 131 I treatment in the HIF-1α overexpressing FTC cells, Ki-67 was significantly reduced, and survivin had a moderate decline, but the level of caspase-3 was still very low. While the HIF-1α overexpressing xenograft tumors were knocked down of β-catenin, the caspase-3 expression showed a remarkable increase upon 131 i treatment (P<0.001). Moreover, the content of survivin was reduced more markedly (P<0.05) and the level of Ki-67 was even lower (P<0.05). Also, the role of β-catenin in affecting the efficacy of radioactive iodine treatment was confirmed by directly using β-catenin overexpressing FTC cells instead of the HIF-1α overexpressing ones in this immunohistochemical analysis.
Taken together, these results suggested how the genuinely effective radioiodine treatment, which may guarantee normal functioning of NIS in iodide uptake (Fig. 1C) , would intervene in the proliferative and apoptotic regulation of thyroid cancer cells.
Cell distribution of β-catenin and NIS are negatively correlated in xenograft tumors generated from FTC cells.
To further verify in vivo that the impact of HIF-1α overexpression on the efficiency of radioiodine treatment should rely on the localization regulation of NIS in a β-catenin-dependent manner, we analyzed the distribution of NIS or β-catenin in xenograft tumors generated from FTC cells with HIF-1α/β-catenin overexpression, as well as those having further knockdown of β-catenin.
Immunohistochemistry showed that the nuclear translocation of β-catenin was significantly enhanced in HIF-1α/β-catenin overexpressing tumor cells (P<0.05) (Fig. 5) . Moreover, cytomembrane localization of NIS was markedly decreased (P<0.05). In addition, all these changes in the subcellular distribution of proteins were erased by shRNA-mediated knockdown of β-catenin. Thus, we infer more confidently that the restored localization of NIS, owing to reduced expression together with lessened nuclear localization of β-catenin, was indeed essential for the superior efficiency of 131 I treatment (Fig. 3A) as a provider of sufficient radioiodine uptake. 
Discussion
In the present study, we paralleled the interventions of HIF-1α overexpression and β-catenin overexpression in thyroid carcinoma cell line FTC133, so as to demonstrate their impacts on the aggressiveness of cancer cells, the radioiodine uptake ability which is mediated by NIS, and the efficiency of radiotherapy towards xenograft tumors. By means of β-catenin knockdown subsequent to HIF-1α overexpression, we also confirmed the dependent relationship of these two factors in above-mentioned regulatory mechanisms.
In FTC133 cells which were originally derived from metastatic FTC (36) we hardly detected any expression of HIF-1α (Fig. 1A ). yet, previous study had revealed that HIF-1α was highly expressed even in primary thyroid cancers including FTC (34) . We inferred that culture conditions in vitro may lead to impaired metastatic ability through inactivation of relevant signaling pathways. Once the expression of HIF-1α was artificially upregulated, FTC cells cultured in vitro exhibited stronger growth ability together with more obvious metastatic propensity (Fig. 2) . We deemed that overexpression of HIF-1α may have made the FTC133 cells better mimicking tumor cells of aggressive thyroid carcinomas in vivo. In such FTC cells, we had observed that HIF-1α acted upstream of β-catenin signaling (Fig. 1A) , and confirmed by interference experiments that the aggressiveness of FTC cells endowed with HIF-1α overexpression was β-catenin-dependent (Figs. 2 and 3 ). Those were supplementary proofs to previous discoveries on the relationship of the two pathways in tumor development (23, 25, 29, 30) .
Previous observations pointed out that, FTC with aggressiveness may show resistance to radiotherapy. In addition, the fact that in MTC, inhibitors of HIF like 2Me2 is responsible for promoting the efficacy of anticancer drugs such as cabozantinib, had proved reversely the role of HIF-1α in progression of tumors, increased aggressiveness and poor response to therapy (39) . In the present study, we also found unsatisfactory efficiency of radioiodine treatment towards xenograft tumors generated from HIF-1α/β-catenin overexpressing FTC cells, which had exhibited metastatic propensity in vitro. While reducing the expression of β-catenin promoted the killing effect of 131 I, reflecting the more rapid shrinkage of tumor volume together with tumor mass (Fig. 3A) . We confirmed that the progression of xenograft tumors as a consequence of excessive proliferation and blocked apoptosis was thoroughly reduced when radiotherapy was introduced after β-catenin knockdown (Fig. 3B) . given that NIS subcellular localization and radioiodine uptake ability of FTC cells was profoundly subjected to HIF-1α overexpression in a β-catenin-dependent manner (Fig. 1B and C) , it is a reasonable explanation that in the xenograft thyroid tumors, the activated HIF1α signaling and the impaired efficiency of radiotherapy was bridged by β-catenin induced NIS translocation. We corroborated this by revealing the relevance of β-catenin nuclear localization and NIS cytomembrane localization only in the xenograft tumor cells (Fig. 5) . Previous studies have paid some attention to the expression level of NIS in cancer cells, which allows therapeutic application and prognosis estimation of radioiodine treatment, and our results suggested the location of NIS may likewise indicate the efficacy of radioiodine therapy. In fact, we even found that direct activation of β-catenin, as well as secondary to strengthened HIF-1α signaling, would reduce the protein amount of NIS to a certain extent (Fig. 1A) . While in a recent study, Sastre-Perona and Santisteban (24) found that in normal thyroid cells TSH and IgF-1 can facilitate β-catenin release from e-cadherin at the adherence junctions, and β-catenin will increase expression of NIS by elevating the transcriptional activity of Pax8. We supposed the discrepancy between our results and theirs may emerge on account of different downstream effectors, respectively, involved in physiological and pathological conditions. Additionally, part from adequate protein content, the correct localization of NIS on thyroid cancer cells seems more pivotal in determining the capabilities and sensitivity of radiotherapy, for it has been reported that abundance of NIS was observed in differentiated thyroid cancer while the majority was in the cytoplasm with little on the cell surface membrane (40) . Similar observations have also been obtained in breast cancers (13) (14) (15) 19) . Therefore, post-translational regulatory mechanisms, especially translocation of NIS, have been proposed as an important factor determining the functionality of NiS, and is of interest as a target to augment iodide uptake in NIS-expressing cancer cells. Riedel et al (41) explored the mechanism by which TSH regulates NIS distribution and found that NIS exhibits several consensus sites for the cAMPdependent protein kinase, protein kinase C and CK-2 kinases. They also revealed that the NIS phosphorylation pattern changes play a role in regulating its targeting from membrane to the intracellular compartments.
yet overall, the exact regulatory mechanism of NIS especially on its localization is still not fully elucidated. To date, the present study is the first to connect the regulation of NIS both in subcellular localization and expression level, with the activated HIF-1α signaling in tumor cells. We established a regulatory axis wherein β-catenin increased in response to HIF-1α activation and plays an essential role in affecting NIS localization. Although in the context of thyroid tumors, the detailed regulatory mechanisms of NIS, downstream of β-catenin signaling remained unclear. We have evidence strongly suggesting the reduced efficiency of radioiodine treatment towards HIF-1α overexpressing thyroid tumor cells may be heavily due to abnormal NIS localization caused by β-catenin activation. Thus, the radioiodine resistance of aggressive thyroid carcinomas which displayed highly activated HIF-1α/β-catenin signaling may be explained. Nevertheless, whether the translocation of NIS occurred parallelly or subsequently to the acquirement of aggressiveness (i.e. achieving eMT and possessing a high metastatic capacity), and indeed to what extent the efficiency of radioiodine therapy was determined by the NIS subcellular localization need to be answered in future studies.
In conclusion, this study made a preliminary exploration to elucidate the signals taking part in the regulation of NIS function as related to thyroid cancers. Dissection of such signaling pathways may lead to resolution of the treatment of radioiodine-refractory thyroid cancer. Our results will contribute to improving the postoperative prognosis of thyroid cancers such as FTC, and these advances might also have profound implications for the treatment of breast cancers and other non-thyroidal cancers currently being assessed for potential NIS-mediated radioiodine therapy (20) .
